Sedimentation processes in shallow reservoirs: comparison of numerical and experimental simulations by Kantoush, Sameh et al.
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Proceedings of the 7th International Conference on HydroScience and Engineering 
Philadelphia, USA September 10-13, 2006 (ICHE 2006) 
ISBN: 0977447405 
 
Drexel University 
College of Engineering 
 
 
 
 
Drexel E-Repository and Archive (iDEA) 
http://idea.library.drexel.edu/   
 
 
Drexel University Libraries 
www.library.drexel.edu 
 
 
 
The following item is made available as a courtesy to scholars by the author(s) and Drexel University Library and may 
contain materials and content, including computer code and tags, artwork, text, graphics, images, and illustrations 
(Material) which may be protected by copyright law. Unless otherwise noted, the Material is made available for non 
profit and educational purposes, such as research, teaching and private study. For these limited purposes, you may 
reproduce (print, download or make copies) the Material without prior permission. All copies must include any 
copyright notice originally included with the Material. You must seek permission from the authors or copyright 
owners for all uses that are not allowed by fair use and other provisions of the U.S. Copyright Law. The 
responsibility for making an independent legal assessment and securing any necessary permission rests with persons 
desiring to reproduce or use the Material. 
 
 
Please direct questions to archives@drexel.edu 
 
The 7th Int.  Conf. on Hydroscience and Engineering (ICHE-2006),Sep 10 –Sep 13,Philadelphia,USA 1 
 
 
 
 
 
 
SEDIMENTATION PROCESSES IN SHALLOW RESERVOIRS 
COMPARISON OF NUMERICAL AND EXPERIMENTAL SIMULATIONS 
 
 
Sameh Kantoush1, Erik Bollaert2, Jean-Louis Boillat3 and Anton Schleiss4 
 
 
 
ABSTRACT 
 
Construction of a shallow reservoir on a river modifies the equilibrium conditions of the river 
system. The present paper studies the influence of the geometry of a reservoir on sediment transport 
and deposition numerically and experimentally. One objective of these experiments is to gain insight 
into the physical processes responsible for sedimentation of shallow reservoirs and to point out the 
interaction between bottom morphology and sedimentation rate. Numerical simulations have been 
performed by using the CCHE2D software with the objective of testing the sensitivity of different 
parameters and of comparing with the laboratory experiment. A series of numerical simulations 
were carried out and compared with scaled laboratory experiments, with the objective of testing the 
sensitivity to different flow and sediment parameters and different turbulence closure schemes.  
The simulations indicate that the observed asymmetry in flow pattern and sediment deposition 
and concentration can be explained by the sensitivity of the flow pattern to geometry and boundary 
conditions and the type of turbulence closure. It has been found that the numerically computed flow 
and sediment patterns largely depend on the applied turbulence closure model. When comparing the 
laboratory experiment as a reference, the most reliable numerical results have been obtained with a 
parabolic depth-averaged eddy viscosity model.  
 
1. INTRODUCTION 
 
Shallow flows can be defined as predominantly horizontal flows in a fluid domain where the vertical 
dimension is significantly smaller than the two horizontal dimensions.  By using this assumption, 
the basic flow equations can be simplified following a normalization procedure (Stoker, 1957). This 
leads to the shallow water equations (SWE), which are the common points of the various 
applications. There are several supplementary parameters which may be negligible or not, leading to 
variants of the shallow-water equations (SWE). Shallow flow models play an important role in 
hydraulic, environmental, river, and coastal engineering. 
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 In bounded shear flows, the 3-D turbulent eddy size is typically limited to the shortest 
dimension (in case the water depth). Hence, large-scale, two dimensional coherent turbulent 
structures with length-scales orders of magnitude greater than the depth are observed in a wide range 
of shallow shear flows. These structures are important for controlling momentum and constituent 
transport (Carmer et al. 2002; Rummel et al. 2002) and appear to result from instabilities of quasi-
two-dimensional shear flow (Chen and Jirka 1995; Chen and Jirka 1997).  Turbulent shallow flows 
are studied experimentally in Chu & Babarutsi (1988), Uijttewaal et al. (2000), Balachandar et al., 
(2000 and 2001). The use of scaled laboratory models to investigate shallow flow processes is 
restricted, mainly because of too low Reynolds numbers and too high Froude numbers at small 
scales. A compromise has to be made between desired shallowness and model feasibility. Often the 
chosen compromise is hardly shallow (e.g. river models with width to depth ratios of 2 to 4, instead 
of ratios of between 50 and a few hundred as found in real rivers).  Booij, (1986, 2003) measured 
shallow flows in a series of harbours of various forms. The goal was to investigate the dependence 
of the flow in the harbour entrance on its form, the layout of its entrance and on the shallowness. 
The measurements show that in a shallow harbour the flow is concentrated along the sides, whereas 
in a not sufficiently shallow harbour the water rotates as a whole. Shallowness plays a role in the 
development of the mixing layer at the harbour, entrance through which momentum is exchanged 
between river and harbour. Chu and Babarutsi (1988) showed that in shallow flow the development 
of the mixing layer is suppressed. Reservoir sedimentation rates have first been predicted by using 
empirical curves relating the reservoir capacity loss with basic hydrodynamic parameters (Churchill, 
1948; Brune, 1953; Brown, 1958). The distribution of sediment deposits was also addressed 
(Heinemann, 1961; Graf 1983).  
The present study focuses on sedimentation of shallow reservoirs with a prototype depth of 
between 5.0 and 15.0 m. A reservoir is thereby defined as an artificial lake into which water drains 
and is stored for future use. Sometimes, a reservoir is created by damming of existing natural lakes 
to improve their capacity. The behavior of sediments in a shallow reservoir is mainly determined by 
bed morphology and main 2D water circulation, as well as by the characteristics of the sediment. 
Recent laboratory experiments and numerical simulations for a wide flume (Sloff et al., 2004) 
showed that channel formation in shallow reservoirs is highly dependent on the boundary and the 
initial flow conditions and the reservoir geometry.  Based on the state-of-the-art, existing research 
on shallow reservoir sedimentation does not consider the influence of the geometry of the reservoir 
on the sedimentation process by suspension. The presently ongoing research focuses on the 
influence of the geometry of shallow reservoirs on the settling of suspended particles. The first 
objective of the experiments is to gain insight into the governing physical processes. The influence 
of 2D shallow turbulent flow structures on bed morphology will be investigated. Moreover, a better 
understanding of the sediment exchange process between the jet entering the reservoir and the 
associated turbulence structures is studied. The experiments should also allow determining the 
“ideal” reservoir geometry, defined as the one that minimizes the settlement of suspended 
sediments. Finally, comparison between laboratory experiments and numerical models should allow 
validating of the latter.  
 
2. PHYSICAL MODELING 
 
2.1 Experimental setup 
 
Comprehensive information on similitude requirements for movable and fixed bed models can be 
found in Yalin (1970) and Kobus (1980). Scaled physical models are based on a similarity theory, 
which uses a series of dimensionless parameters that fully or at the least, partially characterize the 
physics. The choice of a scaling factor λ=Lp/Lm, or length scale ratio, to be used in the experiments, 
is determined by the objectives of the research. According to the length of the tested section and 
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laboratory constraints, the present laboratory model has been designed with horizontal and vertical 
scales of λl = λh = 50 (Kantoush et al., 2005). Model similarity is shown in Table 1. 
 
 
 
Table 1 Characteristic values of prototype and model (model scale 1:50) 
 
Item Dimension Prototype Model 
basin length L  [m] 300.0 6.0 
basin width B  [m] 200.0 4.0 
water depth h  [m] 10.0 0.20 
bottom roughness n  [-] 0.03 0.015 
mean flow velocity V  [m/s] 0.55 0.077 
particle diameter, d50 [mm] 0.037 0.09 
mean fall velocity, ω  [m/s] 0.03 0.0043 
suspended load Cs  [g/l] 4.0 3.0 
bottom slope J  [-] 1.0% Horizontal 
 
 
 
 
 
 
 
 
 
 
The experiments were carried out in a specific test facility at the Laboratory of Hydraulic 
Constructions (LCH) of the Swiss Federal Institute of Technology (EPFL). A schematic view of the 
experimental setup is shown in Figure 1. The setup consists of a rectangular inlet channel, 0.25 m 
wide and 1.0 m long, made of PVC, a rectangular shallow basin with inner dimensions of 6.0 m long 
and 4.0 m wide, a rectangular outlet channel 0.25 m wide and 1.0 m long, and finally a flap gate 
0.25 m wide and 0.30 m high at the end of the outlet. The bottom and the walls of the basin are 
made of 15mm thick PVC plates. The basin is 0.30 m deep and has a flat bottom. Adjacent to the 
reservoir, a mixing tank is used to prepare and store the water-sediment mixture. A sediment supply 
tank is mounted above the mixing tank. The mixing tank is equipped with a propeller type mixer to 
create a homogenous sediment concentration. To control the sediment concentration, a small gate is 
installed at the lower end of the sediment supply tank. This tank is attached to a vibrating device 
with variable speed to control sediment release. The water-sediment mixture is drained by gravity 
into the water-filled rectangular basin through a flexible pipe with a diameter of 0.10 m. Along the 
basin side walls, a 4.0 m long, movable, aluminium frame is mounted which carries the 
measurement instruments. 
 
 
Outlet positions
Mixing tank
Mixer
Drainage
Water supply
Electromagnetic flow meter
Video camera
PVC wall
Flap gate to control the water level
Sediment supplier tank
Valve Distributor
BricksMovable frame 
Wood structure
UVP transducers
To stilling basin  
 
Figure 1 Schematic view of the experimental installation 
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2.1.1  Experimental conditions 
To ensure a uniform mixture in the mixing tank and reservoir basin, the density of the sediment 
mixture as well as the clear water are measured before and during the test by means of a turbidity 
meter. To model suspended sediment currents in the laboratory model, crushed walnut shells with a 
median grain size D50=50μm, density 1500 kg/m3 was used in all tests. These are non cohesive and 
light grains (see Figure 2).  The sediments were added to the mixing tank during the tests. The 
hydraulic conditions were chosen to fulfill the sediment transport requirements (see Table 1). 
Furthermore, for all tests, Froude number was small enough and Reynolds number high enough to 
ensure subcritical, fully developed turbulent flow conditions. 
 
 Outlet channelInlet channel
Suspended sedimentSuspended sediment
 
 
Figure 2 Left: mixture entering the basin; Right: mixture exiting the basin 
 
2.2 Measurements and data acquisition system 
Several parameters were measured during every test; namely: 2D surface velocities, local vertical 
flow velocity profiles, water level and water temperature (see Table 2). 
 
Table 2 Model parameters and instrumentation 
 
Measured parameters Dimension Instrument 
Water level [m] Ultrasonic probe 
Sediment thickness [m] Mini Echo sounder (UWS) 
Discharge [m3/s] Flow meter 
Flow velocity [m/s] Ultra sound velocity profiler (UVP) 
Surface velocity [m/s] Large Scale Particle Image Velocimetry (LSPIV ) 
Temperature [Cº] Thermistors 
Sediment concentration [kg/m3] Turbidity meter 
2.2.1 Ultrasonic Doppler Velocity Profiler (UVP) 
The velocities were measured by means of an Ultrasonic Doppler Velocity Profiler (Metflow SA, 
UVP-DUO), which allows instantaneous measurement of the 1D velocity profile over depth 
(Metflow, 2002). The measurement probes were mounted on a support in groups of three, allowing 
determining the local 3D flow field (Figure 3). Since the number of measurement points was high, 
four groups of three 1D profiles (constituting one 3D profile) are simultaneously recorded to 
accelerate data acquisition. To cover the whole cross section of the basin, 4 positions were chosen 
along the cross section; each position has four groups of three probes (see Figure 3). All twelve 
probes were mounted on a frame which moves in the two horizontal directions. The probes were 
inclined at 20° to the vertical and have an emitting frequency of 2 MHz. A multiplexer (shown in 
Figure 2) allowed switching between the different UVP-probes. Velocity profiles were recorded for 
all points on a 25cm by 50 cm grid (transversal and flow directions respectively). To extract the 3D 
velocity field in twelve cross sections over the whole reservoir, the acquired binary velocity file 
needed some treatment. First the twelve 1D records were read from the raw data file. Then the time-
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averaged velocity components (average of 24 profiles) are derived. Then projection for these values 
and obtained velocity components cover the whole measurement depth. After rearrangement of the 
velocity profile, the data was exported to a text file for future automatic treatment with Matlab. 
 
 
Figure 3 Scheme of UVP installation 
 
2.2.2 Large-Scale Particle Velocimetry (LSPIV) 
Large-scale particle image velocimetry (LSPIV) is an efficient and powerful technique for 
measuring river surface velocities. LSPIV is an extension of conventional PIV for velocity 
measurements in large-scale flows.  While the image and data-processing algorithms are similar to 
those used in conventional PIV, adjustments are required for illumination, seeding, and pre-
processing of the recorded images. Surface flow measurements with PIV are described for instance 
in Adrian (1991). In hydraulic engineering, this technique has so far mainly been applied for surface 
velocity measurements of water and ice in very uniform flow fields as well as in groyne field 
experiments (Ettema et al., 1997; Fujita et al., 1998; Weitbrecht et al., 2002, Uijttewaal et al., 2001). 
PIV measurements have not yet been applied to define detailed flow patterns in differently shaped 
shallow reservoirs on rivers.  
A digital camera was used to record the images. The camera was fixed above the basin 
covering an area of 4.0 m by 5.0 m, i.e. a length of 0.5 m was missing at the upstream and 
downstream ends. The recorded images were systematically transformed to remove perspective 
distortion from the objective lens using PTLens software and then processed using FlowManager 
software.  Seeding was obtained by means of white plastic particles and reasonable lights as shown 
in Figure 4. The plastic particles had an average diameter of 3.4 mm and a specific weight of 960 
kg/m3.  The dispersed light allowed recording their positions at two successive instants by means of 
a video camera (SMX-155, monochrome, 1.3 megapixels). The plan view (measurement plan) was 
divided into several sub-areas, known as interrogation areas, (IA).  In each IA, a cross-correlation 
algorithm was applied in order to compute the shift ΔX of the particles during the time ΔT between 
two images. 
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Figure 4 Scheme of LSPIV installation 
 
2.2.3  Mini Echo Sounder (UWS) 
The bed morphology was measured by means of a miniature echo sounder (Ultralab UWS).  The 
sounder works with an ultrasonic-impulse-run time procedure. UWS first emits an acoustic signal. 
The transmitted ultrasound impulse is then reflected on any object that serves as a target. This 
acoustic reflection (echo) propagates in the space and is received by the ultrasound sensor. To 
measure the effective distance between target and sensor, at first the run-time which the sound needs 
from the sensor must be determined and then the run time for the signal from the sensor to the target 
and back to the sensor again must be determined. Knowing the run time and the sound velocity, the 
target distance can be computed. The sounder was mounted on the movable frame (Figure 5) and 
scanned the whole basin area. The measured cross sectional profiles were generally 0.05 m apart. In 
some cases, 0.025 m spacing was tested, starting and ending at 0.10 m from the basin side walls, i.e. 
covering a width of 4.0 m. The measured longitudinal profiles were spaced 0.20 m apart. In some 
cases, 0.1 m spacing was tested, starting and ending at 0.05 m from the up- and downstream 
boundaries. 
 Scale to 
control the 
positions Movable frame
Mini echo 
sounder
To be connected 
with UWS device
 
 
Figure 5 Miniature echo sounder mounted on a measurement frame 
 
During the tests, the discharge was automatically recorded by an electromagnetic flow meter. 
The precision is 1% of the maximum flow scale, corresponding to 0.2 l/s.  
 
2.4 Test procedure 
Two different procedures were tested. The main differences between these procedures can be 
summarized as follows: 
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Procedure 1 - Discontinuous feeding using time steps of 1.5 hour, with water and sediment feeding 
as well as velocity measurements (UVP, PIV& Pictures). Stop water and sediment feeding between 
the steps. After certain total time duration, stop the test and perform bathymetric measurements. 
Procedure 2 - Continuous water and sediment feeding during the same total time duration of the 
test. Accomplishment of bathymetric measurements.  
 
Three tests have been carried out with similar boundary and initial conditions, but implementing the 
above mentioned procedures as follows:  
Test 1: Discontinuous feeding procedure  
Test 2: Repetition of Test 1, with the purpose to check the reproducibility and model sensitivity. 
Test 3: Continuous feeding procedure. 
On this basis, the second procedure was finally preferred for all subsequent tests. 
 
2.5 Experimental results 
2.5.1 Flow patterns 
Experiments and data analysis are still ongoing, only one test has been proven useful for the present 
paper. This test is number 1, as shown in Table 3 with a total discharge of 7.0 l/s, a flow depth of 
0.20 m and a sediment concentration of  3.0 g/l has been used as boundary and initial conditions. 
Averaged flow fields have been obtained by using Particle Image Velocimetry (PIV) techniques and 
are depicted in Figures 7 to 9; each figure contains five flow patterns as following: 
 
(a)Flow pattern for the initial state (no sediment neither in the basin nor in the mixing tank) 
(b)Flow pattern after 1.5 hour of adding sediment concentration in the mixing tank. 
(c)Flow pattern after 3 hours from the start with a constant sediment concentration 
(d)Flow pattern after 4.5 hours from the beginning.  
(e)Flow pattern using a clear water inflow after completely stopping the sediment supply. 
 
Figures 6(a), 7(a) &8(a) show that the flow enters as a plane jet issuing from the narrow leading 
channel to the wide basin. After jet issuance, the main flow tends towards the right hand side, 
generating a large and stable main gyre rotating anticlockwise and two small ‘triangular’ gyres 
rotating clockwise in the two upstream corners of the basin. The jet appears to be attracted to one of 
the side-walls. Its preference for the right side is weak since a stable mirror image of the flow 
pattern can easily be established by slightly adapting the initial conditions. By following floating 
particles, it is noticed that in the first meter from the entrance the particle is straightly entering and, 
in the next two meters, it deflects to the right until it arrives at the stagnation points near the right 
wall at the middle (3m from the entrance). The particles that do not leave the basin through the 
outlet channel circulate with the main gyre to arrive near the separation zone at the farthest left side 
wall. There, a small gyre has formed at the left corner of the basin with a triangular shape 
1.2m*1.2m. The circulation pattern sustains itself because the inertia of the main gyre pushes the 
incoming jet aside. A bottom that is initially smooth favors this inertia dominated pattern. By 
comparing the three figures similar gyre patterns are obtained even with different test procedures 
and different working days. 
 
 
 
The water-sediment mixture flows from the narrow inlet channel to the much wider basin. At first, 
the inflow mixture behaves like a jet that remains quite separated from the clear water in the basin. 
After some distance, the shear between both bodies of water moving at a different speed causes 
mass and momentum exchange and thus eddies that are peeled off from the core of the jet. This 
peeling off occurs alternatively on both sides of the jet and generates eddies that increase with 
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longitudinal distance. Furthermore, the jet starts to undulate with a wavelength and amplitude that 
increase with longitudinal distance. The behavior resembles to a continuously growing instability. 
This asymmetric and switching flow behavior continues until the downstream end of the reservoir, 
where the jet is forced to pass through the outlet channel.  
 
 
 
 
(a) Initial (0 hr) 
 
 
(b) After 1.5 hr 
 
 
 
(c) After 3 hr 
 
 
(d) After 4.5 hr 
 
(e) Clear water 
 
 
 
 
 
 
 
 
 
Figure 6 Flow pattern at different run times during test Series 1 
 
During 1.5 hours of adding the sediment the ob-served flow pattern in Figures 6(b), 7(b) &8(b) did 
not differ much from what is previously explained for Series (a), except for the increase in size of 
the right corner gyre and a downstream shifted re-attachment point. Apparently this is due to the 
suspended sediment entrainment and the associated emergence of bed forms (see Fig. 9). It’s clear 
that the flow structures in the different test series show a similar pattern in these figures. 
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(a) Initial (0 hr) 
 
 
(b) After 1.5 hr 
 
 
(c) After 3 hr 
 
 
(d) After 4.5 hr 
 
 
(e) Clear water 
 
 
 
 
 
 
Figure 7 Flow pattern at different run times during test Series 2 
 
Figures 6(c), 7(c) &8(c) present the flow patterns after 3 hours of adding sediment for the three test 
procedures. As a result of ripple formation and suspended sediment concentrations the flow field is 
completely changed. The gyres in the upstream corners are suppressed if not disappeared and a 
pattern has emerged that is rather symmetric with respect to the center line. It is also seen that the 
remaining two gyres interact with the jet which shows some tendency to meander. Since the 
exchange with the up-stream corners of the basin is very small, it is expected that not much 
deposition takes place in those areas. Apparently the changes in the bed forms or effective 
roughness resulting from the sediment deposition are capable of completely changing the overall 
flow pattern. Through the same mechanism a further development can be expected. By comparing 
the three figures it can be concluded that similar flow patterns have developed but with small 
differences regarding the dimensions and strength of the circulation cells. In particular with the 
continuous feeding experiment (Figure 9(c)), the asymmetry leading to the subsequent pattern can 
already be seen. 
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(a) Initial (0 hr) 
 
 
 
(b) After 1.5 hr 
 
(c) After 3 hr 
 
 
(d) After 4.5 hr 
 
(e) Clear water 
 
 
 
 
 
 
Figure 8 Flow pattern at different run times during test Series 3 
 
Figures 6(d), 7(d) &8(d) show the flow patterns that have developed after 4.5 hours of adding 
sediment for the different test procedures. Figures 6d &7d still show symmetric flow patterns with 
two gyres coupled to the jet flow. It is noticed that two very weak gyres that might have become 
laminar or stagnant have hardly any exchange with the main motion. In both figures the same test 
procedures were used which resulted in virtually identical flow patterns. Figure 8(d) presents the 
flow pattern of the continuous test procedure after 4.5 hours of adding sediment. It has a flow 
structure different from those in Figures 6(d) and 7(d). Due to the continuous feeding procedure 
already during the third hour the right side gyre starts to enlarge in size and develops into the one 
shown in Figure 8(d). This pattern appears to be rather stable. With the help of bed evolution 
measurements and final bed deformation pictures, it can be said that during the transition zone from 
the initial counterclockwise gyre to the final clockwise gyre the roughness of the bed showed strong 
  11 
local variations. It should be mentioned that all the flow patterns shown in the Figures (d) remained 
during the subsequent 2.5 hours of observation. 
Figures 6(e), 7(e) &8(e) present the flow patterns for the three test procedures After stopping the 
flow, clear water (without sediment) has been injected into the basin to investigate the further 
evolution of the bed at different time periods. The flow patterns in Figures 6(e) & 7(e) are similar 
and equal to the pattern of Figure 8(e). After restarting the flow it chooses the easiest path from the 
inflow to the outflow gate along the left side wall. The sedimentation from the previous period has 
apparently become too much of an obstacle to result again in a symmetric flow pattern. It shows at 
least that the symmetric flow pattern is not a very stable one and that in the long run it would have 
changed into one of the more stable asymmetric patterns anyhow. 
 
2.5.2 Morphological changes 
This section presents a comparison of all test series for the time evolution of the bed. Figures 9 to 11 
present a detailed comparison of final bed elevation, 3D for sediment thickness layer after 4.5 hour 
and the contours of deposition patterns. For all the tested scenarios, two typical features were 
observed. The first was development of sediment deposition with ripples formation concentrated on 
the right hand side and along the center line later on; the second was concentrated on both right and 
left sides and very low in the core of the basin. In the following sub sections the results will be 
described with further details. 
Figure 9 presents the final bed elevations after 4.5 hours of testing of series 1. The mixture of 
water and sediment is advected and diffused throughout the basin following the general flow 
patterns de-scribed above. The footprint of the flow patterns was clearly visible in the morphology 
as shown in Figure 9(a). The resistance to flow is relatively small for the smooth and plane bed at 
the start. However, the flow resistance increases as ripples are being formed. The ripples play an 
important role in the interaction between the boundary layer flow structures and sediment transport.  
Figure 9(b) shows the processed 3D surface bed elevation for the test series 1 after 4.5 hours.  
The asymmetric ripple patterns near the right side wall follow the same direction as the flow 
pattern shown in Figure 6. Ripples characteristics were measured manually before cleaning the 
basin. Moreover, several reference points were taken manually for calibration comparison with the 
UWS measurements. It was found that the UWS measures with a high accuracy of 1mm and it’s 
similar for the manual measurements. Nevertheless, some anomalous spikes are observed in Figure 
10(b). Figure 9(c) presents the contours for the sediment thickness layer. It can be easily seen that 
most of the sediment depositions has take place around the centerline and the downstream part. It 
may be concluded that a stable morphology has been reached after 4.5 hours whereas possibly a 
longer run would needed to confirm the question of full morphological equilibrium in the basin. The 
sediment concentration and sediment depositions are highest along the centerline of the basin and 
reduce towards the sides as shown in Figures 9 & 10. Figure 10 shows the evolution of the sediment 
depositions for the test series 2 (repeated test). The figure shows an almost similar sediment 
deposition pattern as was found for the series 1 presented in Figure 9.  
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(a)  
 X- distance in transverse direction (m) 
(b)  (c)  X- distance in transverse direction (m) 
 
 
Figure 9 Morphological results after 4.5 hrs of sediment supply for Series 1 
(a) Final bed features, photo looking downstream,   (b) 3-D surface of final sediment 
thickness layer   (c) Depositions contours 
 
 
There is a complex relation between flow patterns, sediment exchanges and sediment transport as 
well. Figure 11 shows the results for the series 3 obtained after 4.5 hours of test run. Figure 11(a) 
presents a picture of the final bed evolution. It is noticed that the sediment deposition takes place in 
accordance with the flow patterns of Figures 8(a)-(d). In the beginning it starts to form ripples near 
the right side wall leaving the area in the upstream corner void, which is associated with action of 
the small gyre.  
From Figure 11(b) it is clearly seen that the deposition at both upstream corners is very small. 
Most of the sediment deposits right below the main streamlines connected to the inflow channel. 
After the flow pattern has changed to the clockwise gyre, a symmetric ripple pattern formed near the 
left side wall, similar to the one at the right side which formed in the beginning. After a certain 
period of testing, the deposition on the left side gradually increased generating a wider bed elevation 
underneath the jet centerline with a width of approximately three times the inlet channel. Similarly, 
in the first few hours of the experiment the elevated bed has reached the right side wall and followed 
the course of the streamlines down to the outlet channel. It is remarkable that in the downstream part 
of the basin the bed is elevated on a rather narrow ridge. Figure 11(c) shows the contours for the 
sediment layer thickness. Here the relatively steep gradients near the inlet channel and the first part 
of the jet are clearly visible. It is quite likely that on a much larger time scale the relatively quiet 
zone in the upstream corners and the central part of the main gyre will eventually be filled up with 
the finest sediment fraction. 
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(a)  
X- distance in transverse direction (m) 
(b)  (c)  X- distance in transverse direction (m) 
 
Figure 10 Morphological results after 4.5 hrs of sediment supply for Series 2 
 (a) Final bed features, photo looking downstream,  (b) 3-D surface of final sediment 
thickness layer   (c) Depositions contours 
 
 
 
 
(a)  
 (b)  (c)  
X- distance in transverse direction (m) 
X- distance in transverse direction (m) 
 
Figure 11 Morphological results after 4.5 hrs of sediment supply for Series 3 
 (a) Final bed features, photo looking downstream,   (b) 3-D surface of final sediment 
thickness layer   (c) Depositions contours 
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3. NUMERICAL MODELLING 
 
Numerous equations for predicting suspended transport rates are available in the literature, and a 
good review is given by (Dyer and Soulsby, 1988). They pointed out that one of the principal 
differences between various suspended transport equations lies in the forms chosen to represent the 
distribution of eddy viscosity and eddy diffusivity. However, after examination of a number of 
representative eddy viscosity expressions, including constant, linear and parabolic depth-dependent 
distributions, they concluded that all distributions, except the constant distribution, result in similar 
sediment transport rates.  
Computational models generally make use of sediment transport formulas and a one-
dimensional (1-D) backwater profile calculation (Graf 1983). Two-dimensional (2D) vertical-
averaged models solve the vertical sediment concentration profiles, allowing for more precision in 
the near-bed particle exchange flux calculation. However, existing 2D models do not specifically 
address the present problem of shallow reservoirs (van Rijn, 1987; Lai and Shen, 1996). A 
comparison of most commercially and academic available computational models can be found in 
Langendoen (2001), who gives a fairly detailed description of their features to evaluate them. 
 
3.1 CCHE2D 
The computational model used here is the CCHE2D model, developed by NCCHE (National Center 
for Computational Hydroscience and Engineering). CCHE2D (Jia and Wang, 1999; Wu, 2001) is a 
depth-integrated 2D hydrodynamic and sediment transport model based on a variant of the finite 
element method. The model is used to predict river flow patterns and related bed and/or bank 
erosion for both uniform and non-uniform sediment transport. Both depth-averaged k–ε and eddy 
viscosity turbulence closures are available. The effects of secondary flow in curved channels on the 
bed-load direction are modeled, but not the effects on fluid momentum and sediment transport rate. 
The rate and direction of the bed-load transport is adjusted according to the bed slope.  
CCHE2D was used for its capabilities to simulate suspended sediment transport. Suspended 
transport occurs mostly at a non-equilibrium state and is usually simulated by non-equilibrium 
transport models. CCHE2D implements a full non-equilibrium transport model for bed-material load 
(bed load plus suspended load). Non-equilibrium approaches are proposed for cases where sediment 
transport occurs mainly as bed load, as suspended load, or as full total load, respectively. Also, the 
model simulates the transport of non-uniform sediment mixtures with multiple size classes. Several 
formulas for fractional non-cohesive sediment transport capacity and movable bed roughness are 
provided. CCHE2D is freeware code. 
 
3.1.1 Governing equations 
3.1.1.1 Hydrodynamic model 
2-D models are depth-or width-averaged. The depth-averaged model is most often used in river 
engineering. This model is applicable to shallow water flows and is governed by the depth-
integrated continuity and Navier-Stokes equations:  
 
Continuity equation: 
( ) ( ) 0Z hu hv
t x y
∂ ∂ ∂+ +∂ ∂ ∂ =                                                                                                             (1) 
 
Momentum equations 
( )( )1 xyxx bx
cor
hhu u u Zu v g f
t x y x h x y h
ττ τ νρ
∂⎡ ⎤∂∂ ∂ ∂ ∂+ + = − + + − +⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂⎣ ⎦
                                               (2) 
  15 
 
( ) ( )1 yx yy by
cor
h hv v v Zu v g f
t x y x h x y h
τ τ τ
ρ
∂ ∂⎡ ⎤∂ ∂ ∂ ∂+ + = − + + − −⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂⎣ ⎦
u                                                 (3) 
 
where u and v are the depth-integrated velocity components in x and y directions, respectively; 
t is the time; g is the gravitational acceleration;  Z is the water surface elevation; ρ  is the density of 
water; h is the local water depth;  corf is the Coriolis parameter; xxτ , xyτ , yxτ  and yyτ  are depth 
integrated Reynolds stresses; and bxτ  and byτ   are shear stresses on the bed surface. 
3.1.1.2 Sediment transport model 
A brief introduction of CCHE2D sediment transport is presented here. For details, please refer to the 
technical report by Wu (2001).As shown in Figure 12, the water depth is divided into two zones: the 
suspended-load zone and bed-load zone. The thickness of the bed-load zone δ is strictly speaking 
related to the saltation height of the sediment particles and, hence, a variable. However, to simplify 
the problem, δ may be taken as twice the sediment diameter (Einstein, 1950). Following this 
conventional treatment, Figure 12 defines the bed-load zone to range from zb to zb + δ, and the 
suspended-load zone to range from zb + δ to zs. Here δ = 2d, and d is the sediment diameter. 
 
 
 
 
 
Figure 12: General configuration of sediment transport in CCHE2D 
 
In case of non-uniform sediment transport, the sediment mixture can be divided into several 
size classes. For each size class, the three-dimensional convection-diffusion equation of sediment 
transport is: 
 
( ) ( ) ( ) ( )k k k k sk k k k
s s s
c uc vc wc c c c c
t x y z z x x y y z z
ω ε ε ε⎛ ⎞∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂∂ ∂ ∂⎛ ⎞ ⎛+ + + − = + +⎜ ⎟⎜ ⎟ ⎜∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠
k ⎞⎟                (4) 
 
where ck  is the concentration of k-th size class of sediment; u, v and w are the velocity 
components in x-, y- and z-directions, respectively, with z-direction being assigned as the vertical 
direction along the gravity; ωsk is the settling velocity of the k-th size class of sediment; εs is the 
eddy diffusivity of sediment, calculated with εs = νt /σs ,   νt  is the eddy viscosity of flow; σs  is the 
turbulent Prandtl-Schmidt number (between 0.5 and 1.0). The boundary condition of suspended 
sediment at the water surface is 
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0t k sk k
c
c c
z
ν ωσ
∂ + =∂                                           (5) 
and the boundary condition of suspended sediment at the interface between suspended load 
and bed load is assumed as 
 
* 0t k sk b k
c
c c
z
ν ωσ
∂ + =∂                                           (6) 
 
where cb*k is the equilibrium suspended-load concentration at the interface between the bed-
load zone and the suspended-load zone. 
The integration of the three-dimensional Eq. (4) over the bed-load zone leads to the continuity 
equation of bed load: 
 
( )(1 ) bkybk bk bkx bk bk
qz c qp E D
t t x y
δ ∂∂ ∂ ∂′− + + + = − +∂ ∂ ∂ ∂                                                                    (7) 
 
where p' is the porosity of bed material; cbk is the average concentration of bed load at the bed-
load zone; qbkx and qbky, are the components of bed load transport rate in x- and y directions, usually 
being written as qbkx = αbxqbk and qbky = αbyqbk ;  αbx and αby are direction cosines of bed load 
movement, which is assumed to be along the direction of bed shear stress; qbk is the bed load 
transport rate of k-th size class. The first term on the left hand side of Eq. (7) stands for bed change, 
which results from the sediment exchange between the moving sediment and the bed material. 
 
3.2.2 Morphological processes 
When the equilibrium transport model is adopted for bed load, the bed change can be calculated 
from the bed load continuity Eq. (7): 
 
( )( ) ( )(1 ) 0bky skybk tk bkx skx
q qz hC q qp
t t x y
∂ +∂ ∂ ∂ +′− + + +∂ ∂ ∂ ∂ =                                     (8) 
 
where qskx and qsky are the suspended load transport rates in x- and y-directions, defined by  
qskx = UhCk + εsh∂Ck /∂x and qsky = VhCk +εsh∂Ck /∂y . Usually the diffusion terms in qskx and 
qsky are neglected. 
When the non-equilibrium transport model is adopted for bed load, the calculation of bed 
change can be determined by either the bed load continuity equation or the overall sediment 
continuity Eq. (8). The flow field is computed under steady-state conditions, i.e. the velocity 
difference between two consecutive time steps is less than 1 %. Sediment transport is then computed 
and used to compute erosion and deposition rates, followed by a bed topography update. After this 
bed topography update the flow field has to be recomputed. Yet, as long as the bed variations are 
small, the flow field will be very similar. Hence, no direct coupling between flow and morphology is 
thus accounted for.  
 
3.1.1.2.4 Initial Conditions 
The required initial conditions include the initial channel geometry and initial bed material 
gradation. For a complete simulation of sediment transport, information on sediment properties, 
sediment transport capacity, non-equilibrium adaptation length and movable bed roughness should 
be given. The sediment properties include the sediment grain size, specific gravity (default value: 
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2.65), grain shape factor (default value: 0.7) and bed material porosity. The sediment transport 
capacity, non-equilibrium adaptation length and the movable roughness are determined by empirical 
formulas. 
 
3.1.1.2.5 Empirical Formulas 
Lots of formulas are available for fractional non-cohesive sediment transport. CCHE2D code 
proposes four sediment transport capacity formulas accounting for the hiding and exposure effects 
of non-uniform sediment are always considered. The sediment transport capacity is determined by 
van Rijn’s (1984) formula, Wu et al’s (2000) formula, SEDTRA module (Garbrecht et al., 1995), 
the modified Ackers and White’s formula (Proffit and Sutherland, 1983), or the modified Engelund 
and Hansen’s formula (Wu and Vieira, 2000). The SEDTRA module uses three different formulas to 
calculate sediment transport capacities for different size ranges: (Laursen’s, 1958) formula for size 
classes from 0.01 to 0.25 mm, (Yang’s, 1973) formula for size classes from 0.25 to 2.0 mm, and 
(Meyer-Peter and Mueller’s, 1948) Formula for size classes from 2.0 to 50.0 mm. 
 
3.1.2. Turbulence closure 
Two turbulence closures are available in CCHE2D: the eddy viscosity model (parabolic, 
mixing length models) and the two-dimensional  κ ε−  model (Jia and Wang, 2001, and Wu, 1989). 
In equations (2) and (3), the Reynolds stresses are approximated based on the Boussinesq’s 
assumption: 
 
2xx t
u
x
τ ν ∂= ∂                                            (9) 
(xy yx t
u v )
x x
τ τ ν ∂ ∂= = +∂ ∂                                                  (10) 
2yy t
v
y
τ ν ∂= ∂                                          (11) 
 
3.1.2.1 Eddy viscosity model 
Two zero-equation eddy viscosity models are available in the model. The first one is the Depth-
Integrated Parabolic Model (DIPM), in which the eddy viscosity νt is calculated by the following 
formula: 
 
*
6
xy
t
A
U hν κ=                                          (12) 
 
where Axy is an adjustable coefficient of eddy viscosity, κ  is the von Karman constant, and U* 
is the shear velocity. The second eddy viscosity model is the Depth-Integrated Mixing Length 
Model (DIMLM). The eddy viscosity νt is calculated by the following equation: 
 
2 2 2 22( ) 2( ) ( ) 2( )t
u v u v Ul 2
x x x x z
ν ∂ ∂ ∂ ∂ ∂= + + + +∂ ∂ ∂ ∂ ∂                                   (13a) 
 
1
0
1 (1 ) 1 0.267zl z dz h d
h h
κ κ λ λ λ= − = − ≈∫ ∫ hκ                                  (13b) 
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*
m
U UC
z hκ
∂ =∂                                                (13c) 
 
where Cm is a coefficient with a value of 2.34375 so that Eq. 13 will cover Eq. 12 in the case 
of a uniform flow in which all horizontal velocity gradients vanish. 
 
 
3.1.2.2 Two dimensional  k-ε  model 
In this model, differential equations are introduced for the turbulent kinetic energy k and the rate of 
dissipation of turbulent energy ε, where ` `1
2 i i
k u u=  and 
` `
i i
t
j j
u u
x x
ε μ ∂ ∂= ∂ ∂  The depth-integrated 
governing equations for k and ε are: 
 
[ ] [ ]t t kV
k k
k k k k ku v P P
t x y x x y y
ν ν εσ σ
∂ ∂ ∂ ∂ ∂ ∂ ∂+ + − − = − +∂ ∂ ∂ ∂ ∂ ∂ ∂                                   (14) 
2
1 2[ ] [ ]t t Vu v c P c Pt x y x x y y k kε εε ε
ν νε ε ε ε ε ε ε
σ σ
∂ ∂ ∂ ∂ ∂ ∂ ∂+ + − − = − +∂ ∂ ∂ ∂ ∂ ∂ ∂ ε                         (15) 
 
where 
` ` 2 2 2
, [2( ) 2( ) ( ) ]i j i j t
u v u vP u u u
x y x y
ν ∂ ∂ ∂ ∂= − = + + +∂ ∂ ∂ ∂  
3
*
kV k
UP C
h
= ,      
4
*
2V
UP C
hε ε
= ,     * 2 2 ,   23/ 43.6
f
cC c
c
ε
ε μ=  ( )f u v= +U c ,   1kC c= f
 
and cf  is the friction coefficient. 
From the local values of k and ε, a local eddy viscosity can be evaluated as 
 
2
t
c kμν ε=                                                            (16) 
 
In the above equations, the following values are used for the empirical constants: 
0.09cμ = , , , 1 1.45c ε = 2 1.90c ε = 1.0kσ = , 1.3εσ =  
 
3.2 Results of numerical computations 
Numerical simulations have been performed to test the sensitivity of the different model parameters 
and to compare them with the laboratory experiment. The results are described hereafter. Confirm 
the laboratory model; a simple rectangular basin has been simulated.  This basin has a rectangular 
grid spacing of 0.05 m in both flow and transverse directions.  
 
 
3.2.1 Boundary conditions 
In the depth-averaged 2-D simulation of sediment transport, the inflow sediment discharge must be 
given at each inlet boundary. All numerical results are compared with the numerical reference 
simulation A-2, for which boundary conditions and further details are summarized in Table 3. For 
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the sediment transport calculation, the inflow sediment discharges. To reduce the complexity of the 
system, specific processes such as sediment sorting are not included for the moment. 
 
Table 3 Boundary conditions for the reference run (simulation A-2) 
Boundary conditions Symbol Value Dimension 
water discharge Qw 0.007 [m3/s] 
downstream water level h 0.20 [m] 
sediment concentration Qs 4.0 [kg/m3] 
sediment density ρs 1500 [kg/m3] 
sediment diameter d50 0.00009 [m] 
sediment porosity p 0.4 [-] 
wall boundary condition -   
bottom slope  J 0.0 [%] 
Model    
basin width B 4.0 [m] 
basin length L 6.0 [m] 
grid spacing Δx 0.05 [m] 
width/length of inlet channel b/l,in 0.25/1.0 [-] 
width/length of outlet channel b/l,out 0.25/1.0 [-] 
Manning roughness coefficient n 0.015 [-] 
Modeling parameters    
mixing layer thickness δm  0.05 [m] 
adaptation length for bed load ls 0.35 [m] 
adaptation factor for suspended load α 0.20 [-] 
transport mode total load as suspended 
load 
  
transport capacity formula Wu et al. (2000)   
 
 
3.3 Parametric analysis 
The analysis is according to Table 4 hereafter. The sensitivity of the parameters is discussed 
hereafter. Beside the simulations referenced in Table 4, some further runs are also discussed.   
 
3.3.1 Turbulence closure influence 
Three types of turbulence closures were used in run series A, B, and C. Depth-integrated parabolic 
and mixing length based on eddy viscosity models were used in run series A and B. Both eddy 
viscosity models were tested for a wide range of values of the adjustable coefficient Axy (values 
between 1 and 1000). The output values were defined for a 1.5 hrs run time. The presentation of the 
results uses the following procedure: 
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Table 4 Summary of experimental runs 
 
 Parameters Series Run N° 
Turbulence 
closure Characteristic features Axy  
[-] 
d50 
[m] 
δm  
[m] 
t 
[hr] 
A-1 DIPM 1    
A-2 DIPM 50    A 
A-3 DIPM 150    
B-1 DIMLM 2    B B-2 DIMLM 20    
C C κ-ε 
different turbulence closure 
models were used: DIPM, 
DIMLM, κ-ε.  
Axy varies for series A and B. 
    
D-1 DIPM  0.00009   D D-2 DIPM two different grain sizes   0.00015   
M-1 DIPM   0.025  
M-2 DIPM   0.05  M 
M-3 DIPM 
mixing layer thickness δm  
varies   0.1  
L-1 DIPM    1.5 
L-2 DIPM    3.0 
L-3 DIPM    4.5 L 
L-4 DIPM 
long time runs  
   9 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.1.1 Run series A 
A depth-integrated parabolic eddy viscosity model was used, with Axy ranging from 1, 2 … to 1000. 
Results are presented for Axy = 1, 50, and 150. Figure 13 shows the results of Run A-1 where (Axy = 
1). Figure 13a presents the velocity magnitudes and vectors. The water-sediment mixture flows from 
the narrow inlet channel into the much wider basin. At first, the inflow mixture behaves like a jet 
that remains quite separated from the clear water in the basin. After some distance, the shear 
between both bodies of water moving at different speeds causes mass and momentum exchange and 
thus eddies are peeled off from the core of the jet. This peeling off occurs alternatively on both sides 
of the jet and generates eddies that increase in size with longitudinal distance. Furthermore, the jet 
starts to undulate with a wavelength and amplitude that increase with longitudinal distance. This 
behavior resembles a continuously growing instability. Figure 13b shows the kinematic eddy 
viscosity. As the eddy viscosity is directly related to the shear velocity (see Eqs. 2 and 3), its 
behavior is similar to velocity (Figure 13a). From the lowest to the highest flow velocities in the 
basin, the eddy viscosity changes by up to one order of magnitude. Figure 13c presents the 
suspended sediment distribution. The initial concentration in the inlet channel equals 3.0 kg/m3. This 
concentration diffuses throughout the basin following the general velocity and eddy viscosity pattern 
described above. Nevertheless, the sediment concentration pattern does not undulate as much as 
velocity and remains more or less symmetric. Finally, Figure 13d shows the final bed elevations 
after 4.5 hours of testing. Similar to the sediment concentration distribution, the bed change remains 
symmetric and shows maximum values of up to 0.09 m, i.e. about 45 % of the initial water depth.  
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a)                                                                            b)     
c)                                                                            d) 
 
Figure 13 Results for numerical simulation run A-1: a) stationary flow field with velocity vectors 
and magnitudes, b) kinematic eddy viscosity, c) suspended load concentration, and d) final bed 
elevation results. 
 
Figure 14 shows the results for run A-2. The eddy viscosity parameter has a value of Axy = 50, 
resulting in viscosities 50 times higher than the first run. Figure 14a presents the simulated 
stationary flow field with velocity magnitudes and vectors. In contrast with the flow pattern of Run 
A-1, showing the incoming jet deflecting towards the left-hand side of the basin, combined with a 
large eddy on the right-hand side and a small eddy in the left corner of the upstream part of the 
reservoir. The jet apparently diffuses much faster than for run A-1.  
 
It was found that this flow pattern can switch to a reverse pattern with the jet positioned on the 
right-hand side and the eddy along the left-hand side. This could be numerically achieved by 
changing the initial state or the local geometry of the reservoir. The kinematic eddy viscosity 
presented in Figure 14b follows the same pattern and diffuses much faster. By further increasing Axy, 
towards 150, small eddies start to form at each corner of the basin, similar to the eddy that is 
observed in run A-2 along the left hand side of the reservoir for Axy = 50.  For Axy more than 150, the 
flow starts to become more and more symmetric, with two small eddies at the entrance reservoir 
corners as shown in Figure 13a for run A-3. Finally, for Axy between 500 and 1000 four small eddies 
are generated at each corner of the basin. The morphology in Figure 14d (Run A-2) shows that the 
flow pattern concentrates the depositions on the left hand side.  
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a)                                                                            b) 
 
 
c)                                                                             d) 
  
Figure 14 Results for numerical simulation run A-2: a) stationary flow field with velocity vectors 
and magnitudes, b) kinematic eddy viscosity, c) suspended load concentration, and d) final bed 
elevation results. 
 
Figure 15 shows the results for Run A-3 with Axy = 150. The flow pattern in Figure 15a shows 
symmetric behavior with two small eddies in both corners near the entrance of the reservoir and a 
centralized jet flow that diffuses very fast. Similarly, the kinematic eddy viscosity, the suspended 
sediment concentration and sediment depositions are highest along the centerline of the basin and 
reduce towards the sides as shown in Figures 15b-15d. It can be concluded that with higher values 
of the kinematic eddy viscosity, the flow and sediment deposition behave in a quasi-symmetric 
manner. 
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a)                                                                             b) 
 
 
c)                                                                                      d) 
 
Figure 15 Results for numerical simulation run A-3: a) stationary flow field with velocity 
vectors and magnitudes, b) kinematic eddy viscosity, c) suspended load concentration, and d) final 
bed elevation results. 
 
The mirrors of flow pattern and bed deformation shown in Figure 12 are most similar to those 
observed in the laboratory experiments (see Figures from 6 to 8). The corresponding range of Axy 
values is situated between 20 and 120. Hence, when using the laboratory experiments as a reference, 
using a depth-integrated parabolic eddy viscosity model, with eddy viscosities between 0.001 m2/s 
and 0.006 m2/s, seems to provide the qualitatively most plausible results. 
 
 
3.3.1.2 Run series B 
Series B uses a depth-integrated mixing layer model (hereafter; DIMLM). Figures 16 and 17 present 
the results of Runs B-1 and B-2 respectively. Analysis of these runs is quite similar to the one 
performed for run series A. Several simulations have been carried out with Axy values varying 
between 1 and 100. Figures 16 and 17 show the results for Axy = 2 and 20 respectively. The lowest 
value thereby generates flow and sedimentation patterns very similar to the ones observed for run A-
1. The highest value is very similar to the results obtained for run A-3. As a first-hand conclusion, 
the DIMLM turbulence closure model seems less suitable to reproduce the flow and sediment 
patterns observed during the laboratory experiment. 
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a)                                                                              b) 
 
c)                                                                              d) 
 
Figure 16 Results for numerical simulation run B-1: a) stationary flow field with velocity vectors 
and magnitudes, b) kinematic eddy viscosity, c) suspended load concentration, and d) final bed 
elevation results. 
 
 
 
3.3.1.3 Run series C 
Run series C uses the two-equation k-ε turbulence model. Figure 18a shows the velocity magnitude 
and vectors and Figure 18b the corresponding kinematic eddy viscosity. It was found that two large 
recirculation eddies develop along both sides of the basin.  
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a)                                                                                 b) 
c)                                                                                d) 
 
Figure 17 Results for numerical simulation run B-2: a) stationary flow field with velocity vectors 
and magnitudes, b) kinematic eddy viscosity, c) suspended load concentration, and d) final bed 
elevation results. 
 
  
 
 
a)                                                                                b) 
 
Figure 18: Results for numerical simulation run C: a) stationary flow field with velocity vectors and 
magnitudes, b) kinematic eddy viscosity. 
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3.3.1.4 Comparison of run series along the basin centerline 
Figures 19 to 22 present a detailed comparison of velocity magnitude, kinematic eddy viscosity, 
suspended sediment concentration, and final bed elevation along the basin centerline of all previous 
run series. Velocity distributions for run series A, B, and C are similar in the inlet channel. At the 
interface between inlet channel and basin, a sudden velocity increase occurs, followed by a gradual 
decrease throughout the whole basin length.  
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Figure 19 Comparison of depth-averaged velocity magnitude along basin centerline for run series A, 
B, and C 
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Figure 20 Comparison of kinematic eddy viscosity along basin centerline for run series A, B, and C 
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Figure 21 Comparison of bed profiles along basin centerline for run series A and B 
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Figure 22 Comparison of suspended load concentration along basin centerline for run series A and B 
 
For low eddy viscosities (runs A-1 and B-1), the velocity trace agrees with the flow pattern 
meandering along the centerline. At the outlet of the basin, all runs exhibit similar flow behavior: at 
0.50 m upstream of the outlet section, the velocity progressively increases towards a peak value at 
the outlet section itself, followed by a small decrease and finally stabilization of the velocity profile 
inside the outlet channel. The appearance of the peak value is generated by the sudden geometric 
change, which generates a weak plunging water surface at the constriction and thus increasing 
velocity values. The centerline velocity inside the basin decreases with increasing eddy viscosity 
(run series A-2 and A-3).  
 
Figure 20 compares the longitudinal changes in eddy viscosity for runs A, B, and C, while 
Figure 21 shows a comparison between the predicted bed profiles for runs A-2, A-3, B-1, and B-2 
along the centre line of the basin.  For run A-2, the influence of the flow deviating towards the left-
hand side of the basin is clearly visible by strongly reduced bed thickness. Also, due to the 
recirculation eddy, the sediment deposits gradually start to increase again in front of the outlet. 
Figure 22 shows similar trends for the suspended sediment concentration along the centerline of the 
basin, with, run A-2 exhibiting a low suspended sediment concentration in the middle of the basin. 
Moreover, for run B-1, the sediment concentration oscillates in the middle of the basin.  
 
3.3.2 Grain size distribution influence 
Two different simulations have been conducted with a modification of the grain size curve towards 
extreme grain sizes, with the sediment inflow rate being the similar to the one used during the 
reference laboratory experiment. The turbulence model used is the Depth-Integrated Parabolic 
Model (DIPM). Hence, run D-1 uses d50 = 0.09 mm and run D-2 d50 = 0.15 mm.  Figure 23 
compares the resulting bed profiles along the centerline of the basin. Despite the fact that the final 
bed morphology was expected to be different, both results were found to be similar. The reason for 
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this is not clear yet, but might be due to the relatively short duration of the runs (only 1.5 h). Longer 
duration experiments will be performed in the near future.  
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Figure 23 Comparison of bed profiles along basin centerline for run series D 
 
3.3.3 Bottom layer thickness influence 
The mixing layer represents that part of the sediment at the bed that can be exchanged with the 
sediment transported by the flow. The bed material gradation usually varies with the vertical 
direction, so the bed material above the non-erodible layer is divided into several layers, as shown in 
Figure 24. The top layer is the mixing layer, whereas the second one is the subsurface layer. The 
variation of bed material gradation in the mixing layer is determined by (Wu, 1991) 
 
*( )m bk bk m b
bk
p z zp
t t t
δ δ∂ ∂ ∂⎛ ⎞= + −⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠t
∂
t
                                     (21) 
 
where pbk is the bed material gradation in the mixing layer; δm is the thickness of the mixing 
layer, which is related to the flow and sediment conditions as well as the bed deformation; /bz∂ ∂  is 
the total bed deformation rate, 
1
/ Nb kz t z=∂ ∂ = ∂ ∂/bk t∑ ;  N is the total number of size classes;  *bkp  is 
pbk  when, / / 0m bt z tδ∂ ∂ − ∂ ∂ ≤  and *bkp  is the bed material gradation in the subsurface layer 
when / / 0m bt z tδ∂ ∂ −∂ ∂ f . 
The bed material gradations in the layers under the mixing layer are determined by using the 
mass conservation law. 
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Figure 24: Multiple-layer sorting model of bed material gradation 
 
The objective of run series M is to test the sensitivity of the model to this exchangeable 
control volume. M-1, M-2, and M-3 were performed with mixing layer thicknesses of 0.025, 0.05 
and 0.1 m respectively. For numerical reasons (i.e., deposition during a one time step should not 
exceed mixing layer thickness), the time step has been reduced proportionally for these runs. Figure 
25 shows the bed elevation along the centerline of the basin for the three runs. By increasing the 
mixing layer thickness till ¼ of the water depth, bed elevation increases see Figure 25 for curve M1 
and M2. But for higher values of the mixing layer (half of the water depth bed elevation decreases as 
shown in Figure 25 for curve M3 which overlaps with curve M1. 
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Figure 25 Comparison of bed profiles along basin centerline for run series M 
 
3.3.4 Run time duration influence 
Figure 26 shows the evolution of the sediment depositions at different run time periods (1.5 
hrs, 3.0 hrs, 4.5 hrs, and 9.0 hrs) along the centerline of the basin. The figure shows almost constant 
bed thickness within the first time period. Bed thickness increases and is less homogenous along the 
centerline after 3.0 and 4.5 hours. Beds become thicker and even more irregular after 9.0 hours. It 
may be concluded that a stable morphology has not yet been reached after 9.0 hours and that longer 
runs would be needed to attain morphological equilibrium in the basin.  
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Figure 26 Comparison of bed profiles along basin centerline for run series L 
 
As a conclusion, Axy has a significant effect on flow patterns, velocity distributions, sediment 
concentrations and bed forms. 
 
 
4. COMPARISON OF EXPERIMENTAL AND NUMERICAL RESULTS 
 
A detailed comparison of flow field and morphological development between the experimental 
model and numerical simulation Run A2 is presented. Figure 27 shows that the numerically 
computed velocity vectors are acceptable and generally in a good agreement with the experimentally 
observed vectors. Figure 28 compares the computed and measured axial velocity magnitude at the 
basin centerline. In the inlet channel, experimentally observed velocity distributions are 
approximately the same. At the interface between inlet channel and basin, a sudden velocity increase 
is observed in the computations, followed by a gradual decrease throughout the whole basin length.  
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Figure 27 Comparison of velocity magnitude vectors recorded by UVP and LSPIV with 
numerically simulated velocity magnitude vectors (run A-2). 
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Figure 28 Comparison of depth-averaged velocity magnitude recorded by UVP and LSPIV 
with numerically simulated velocity magnitude (run A-2). Longitudinal profile is taken along basin 
centerline. 
 
 
5. CONCLUSIONS 
 
First results of ongoing research on the influence of the geometry of a shallow reservoir on 
suspended sediment transport and deposition have been presented. Comparison has been made 
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between a laboratory experiment and depth-averaged numerical simulations. The experimentally 
observed flow patterns and bed morphological developments have been recorded by means of UVP 
and LSPIV techniques. The numerical simulations have been performed by means of a freeware 2D 
depth-averaged model allowing for non-equilibrium suspended load transport. During both 
experimental and numerical modeling, it was found that the flow patterns are quite sensitive to 
boundary and initial conditions. Also, strongly asymmetric flow and morphological patterns 
frequently developed during the experiments. These patterns could be simulated numerically by use 
of a parabolic eddy viscosity model.  
Analysis of these the first-hand experiments allowed the following observations: 
 (1) The two-dimensional velocity vector field for shallow reservoirs can be reconstructed by 
combining three measurement data sets of UVP. 
(2) LSPIV allows adequate velocity measurements in shallow water flow problems. 
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